The progeny cells of Escherichia coli strain P678-54, which normally do not contain deoxyribonucleic acid (DNA), were found to carry DNA when the parental cell carried colicin factor El (Col El). The DNA found in the normally DNA-less segregants was shown to be Col El DNA, which is present primarily as a covalently closed circular molecule that can undergo more than one complete cycle of replication.
A variety of mutants of Escherichia coli have been isolated that segregate progeny cells which contain neither bacterial deoxyribonucleic acid (DNA; 1, 8, 9) nor the DNA of the episomal fertility factor, F, of E. coli (Abstract, Genetics, 56:550, 1967) . One such mutant, P678-54 (1), normally segregates very small DNA-less progeny called "minicells," which, although containing normal amounts of many cellular components (1, 6) as do DNA-less segregants of other mutants (10) , also show significant deficiencies in three other enzymes that normally interact with DNA: ribonucleic acid (RNA) polymerase, DNA methylase, and photoreactivating enzyme (6) . As genetic (5, 13) and physical (2) (3) (4) 17) evidence exists which indicates that Col El DNA is not associated with the E. coli chromosome, an examination of the ability of Col El to segregate into and replicate in minicells was undertaken. The aim of this work is ultimately to provide insights into the compartmentation of DNA in bacteria and also to provide a way for examining the replication and expression of a replicon in the absence of the bacterial genome. This communication describes the successful demonstration of the segregation of Col El DNA into minicells and its subsequent replication.
MATERIALS AND METHODS
Bacterial and phage strains. Bacterial strains used were E. coli K-12 strains P678-54 of Adler (1) Growth of bacteria and purification of minicells. P678-54 or P678-54 (Col El) grown overnight in TCG medium was inoculated 1/100 into fresh TCG medium and allowed to grow to about 2 X 108 cells/ml.
The cells were pelleted in the cold at 2,500 X g for 15 min in a Sorvall GS-3 head, and the supernatant fluid, which contains minicells, was then pelleted at 13,000 X g for 20 min. The PLASMID DNA IN E. COLI SEGREGANTS with methylene blue. A purified 10-ml suspension of minicells derived from a 4-liter culture routinely contained between 200 and 4,000 viable cells per ml and never more than 5 X that number after incubation for labeling. No normal-size cells were seen in stained smears in which more than 10,000 minicells were easily seen on a slide. The concentration of minicells was usually about 1011/ml when purified from 4-liter batches.
Radioactive labeling of DNA and its isolation. Cells or purified minicells were incubated with shaking at 37 C in TCG medium that contained vitamin-free Casamino Acids, 250 ,ug of deoxyadenosine per ml and, according to the specific experiment described in the legends of the appropriate figure, 0.2 to 1.0 jug of thymine per ml, 10,g of 5-bromouracil per ml, 15 ,ug of 5-flurodeoxyuridine (FUDR) per ml (a gift of Hoffman-La Roche, Inc., Nutley, N.J.), and 3H-thymidine to a final specific activity of S to 10 ,uc/Ag of thymine (New England Nuclear Corp.). Labeled cells were washed four times with cold TES buffer, 40 ,ug of cold W31 10 DNA per ml was added, and the cells were lysed exactly according to the lysozyme-sarkosyl method of Bazaral and Helinski (2) . DNA to be examined by dye-bouyant density centrifugation was not treated further, whereas DNA to be examined by either cesium chloride density centrifugation or sucrose gradient velocity centrifugation was extracted with SSC-saturated phenol by using the slow-rotation method of Frankel (7), dialyzed overnight against cold SSC containing 0.01 M EDTA, and, if necessary, concentrated by using Carbowax 6000 (Union Carbide) before examination. 32P-labeling of phage P1 and the extraction of its DNA were performed by the method of Ikeda and Tomizawa (12) , whereas 32p_ labeling of W31 10 DNA and its purification for use as density marker were performed as described previously by Inselburg (11) .
Cesium chloride density gradient centrifugation. A 5-ml solution of cesium chloride of appropriate density prepared by adding DNA in SSC to solid cesium chloride was spun in a Spinco 40 fixed-angle rotor for 44 hr at 81,000 X g at 15 C in a Spinco model L ultracentrifuge. Fractions were collected from the bottom of the tube by drop collection, and densities were determined by refractive index with an Abbe-3L refractometer.
Direct dye-buoyant centrifugation of sarkosyl lysates. (Fig. la) or of the purified minicells of the culture (Fig. lb) Since the light DNA peak in (Fig. Ib) Fig. 2 is in what appears to be the Col El DNA peak. Replication of DNA in P678-54 (Col El) minicells and its characterization. Exposure of purified minicell preparations to 3H-thymidine for from 10 min to 3 hr, with or without either chloramphenicol or mitomycin C present, leads to the labeling of DNA which usually sedimented as a 24.6S peak (Fig. 3a) . In comparable preparations of minicells derived from P678-54, no significant DNA synthesis was found. Where Fraction Number   FIG. 4 . Bromouracil density labeling of DNA in minicells. Minicells from 4 liters of P678-54 (Col El) cells were purified (viable count less than 1,000/ml) and suspended in supplemented TCG containing 10 pg of 5-bromouracil per ml, 15 ug of FUDR per ml to inhibit the possible activity of thymidylate synthetase, 250 pg ofdeoxyadenosine per ml, 5 pC of3H-thymidine/ pg of5-bromouracil, and shaken in the dark at 37 Cfor 3 hr. Samples were removed at I and 3 hr and lysed, and the DNA was extracted with phenol and dialyzed against SSC-EDTA. Figures 4a and b represent DNA from the 1-and 3-hr samples, respectively, banded in cesium chloride density gradients.32P-W3110-DNA was used as a density marker. Total counts per minute: (a) 3H-DNA (0), 4,167 and 32P-DNA (A), 2,124; (b) 3H-DNA (0), 11,504 and 32P-DNA (A), 2,060. Graph c represents a sample of the DNA used in the density gradient (b) which was examined in a sucrose density gradient as previously described in Fig. 2 limited amounts of synthesis were seen, the DNA was found not to give the 24.6S peak found in the colicinogenic strain (Fig. 3a) . In several experiments in which induction of increased Col El DNA synthesis by mitomycin C was looked for, it was not found. The failure to increase Col El DNA synthesis was probably not due to impermeability to mitomycin C, as colicin production was inducible in the P678-54 (Col El) cells.
The newly replicated DNA from minicell preparations when analyzed by cesium chlorideethidum bromide density gradient centrifugation gives two peaks, the denser one generally containing between 30 and 60% of the total counts in the gradient (Fig. 3b) Replication of DNA that has been introduced into minicells via conjugation has been reported (6); however, that, replication was only shown to involve one strand of a linear duplex molecule. That the replication of DNA demonstrated in Fig. 3 was not simply a DNA repair or strand completion process is shown in Fig. 4a and b DNA does in fact represent the Col El DNA can be seen from the sedimentation properties in Fig. 4c of a sample of the DNA examined in Fig. 4b .
Two demonstrations that the replicated DNA obtained from minicells is primarily in a twisted circular form are shown in Fig. 5 and 6 . Figure 5 shows that, in a mixture of 82P-labeled bacterial and tritiated minicell DNA, all the bacterial DNA is denatured during alkali denaturation-renaturation as demonstrated by an 0.017 g/cm3 increase in density, whereas about 75 % of the 3H-DNA resists denaturation as would be expected of covalently closed circular molecules. Figure 6 shows the conversion with linear kinetics of the 24S form of replicated DNA isolated from minicells to an 18S form upon limited digestion with pancreatic deoxyribonuclease. This conversion is identical to that reported by Bazaral and Helinski for the conversion of covalently closed twisted circular Col El DNA to the open circular form (3).
DISCUSSION
From the results reported, it seems reasonable to conclude that Col El DNA is not prevented from segregating to otherwise DNA-less bacteria and can replicate normally in those cells in which it also exists primarily as a covalently closed circular molecule. The nature of the differences between the extrachromosomal state of the F factor and Col El DNA that causes their different segregation behavior remains to be seen.
The finding that extrachromosomal DNA can enter minicells by segregation suggests that DNAless bacteria may be useful in examining a variety of extrachromosomal genetic elements.
